Abstract. Insolation changes during the Eemian (the last interglacial period, 129-116,000 years before present) resulted in warmer than present conditions in the Arctic region. The NEEM ice core record suggests warming of 8±4 K in northwestern Greenland based on water stable isotopes. Here we use general circulation model experiments to investigate the causes of the Eemian warming in Greenland. Simulations of the atmospheric response to combinations of Eemian insolation and preindustrial oceanic conditions and vice versa, are used to disentangle the impacts of the insolation change and the related 5 changes in sea surface temperatures and sea ice conditions. The changed oceanic conditions cause warming throughout the year, prolonging the impact of the summertime insolation increase. Consequently, the oceanic conditions cause annual mean warming of 2 K at the NEEM site, whereas the insolation alone causes an insignificant change. Taking the precipitation changes into account, however, the insolation and oceanic changes cause more comparable increases in the precipitationweighted temperature, implying that both contributions are important for the ice core record at the NEEM site. The simulated
constraints exist that can be used to assess these reconstructions. The deep Greenland ice cores that contain Eemian ice are obvious fix-points. These are NEEM (77.45 • N, 51.06 Dansgaard et al. (1982) ) has may induce changes in the ice core record even with an unchanged temperature (Persson et al., 2011) . As an example, model simulations indicate that the present day climate in northwestern Greenland is biased towards summer due to precipitation seasonality (Steen-Larsen et al., 2011) . Thus, when comparing model simulations to ice core records it is useful to consider the precipitation-weighted temperature to obtain a fair comparison. The precipitation-weighted temperature (T pw ) can be calculated as:
where N denotes the total number of time samples, and T j and p j is the temperature and precipitation during the jth time sample. In our study, the weighting is based on monthly means of near surface air temperature and total precipitation.
Using a series of general circulation model (GCM) experiments, we assess the GrIS warming during the Eemian. Specifically, we aim to compare the direct impact of the insolation change and the indirect effect of retreating sea ice and increasing sea 10 surface temperatures (SSTs). We investigate how the simulated changes could affect the GrIS surface mass balance and the ice core record, and whether the insolation or the oceanic changes dominate the total response.
The experiments and the employed models are described in Sect. 2. Results are presented and discussed in Sect. 3, followed by conclusions in Sect. 4.
Methods
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Model configuration
The model used for this study is the EC-Earth global climate model in the most recent version 3.1 (Hazeleger et al., 2010 (Hazeleger et al., , 2012 . We employ the atmosphere-only configuration based on the IFS atmospheric model (cycle 36r4, European Centre for Medium-Range Weather Forecasts (2010)) in a T159 spectral resolution with an associated Gaussian grid of roughly 1.125
• horizontal resolution and 62 layers in the vertical. In order to allow paleoclimate simulation, the model has been 20 expanded with an option to modify the insolation according to any given orbital configuration. The insolation is internally calculated following Berger (1978) using the same code modification as Muschitiello et al. (2015) .
The prescribed sea surface boundary conditions (sea surface temperature and sea ice concentration) are obtained from two simulations with the fully-coupled EC-Earth system: an Eemian experiment forced with 125 ka conditions (i.e. insolation and greenhouse gas concentrations; GHGs) and a pre-industrial control experiment. The coupled experiments are described and 25 presented in Pedersen et al. (2016b) .
Due to the diverse ice sheet reconstructions, we have kept the ice sheets fixed at present day extents in all of our simulations.
Vegetation is similarly kept at present day values, and consequently our experiments do not include any additional feedbacks from vegetation or ice sheet geometry (as discussed in Pedersen et al. (2016b) ).
Surface mass balance calculations
To investigate the impacts of the simulated climate changes on the GrIS surface mass balance, we performed off-line calculations with the subsurface scheme of the HIRHAM5 regional climate model (updated from Langen et al. (2015)). The subsurface model was here run on the Gaussian grid associated with the EC-Earth experiments and forced at 6 hour intervals with incoming shortwave and downward longwave radiation, latent and sensible heat fluxes, along with rain, snow and 5 evaporation/sublimation taken directly from the EC-Earth output. The subsurface model was updated slightly compared to that described by Langen et al. (2015) ; most notably it employs 25 layers with a total depth of 70 m water equivalent and includes temperature-and pressure-dependent densification of snow and firn (following Vionnet et al. (2012)). It accounts for heat diffusion, vertical water transport and refreezing. Each layer can hold liquid water corresponding to 2 % of the snow pore space volume and excess water percolates downward to the next layer. When a layer density exceeds the pore close off density ), water percolating down from above is added to a slush layer and runs off exponentially with an exponential time scale depending on surface slope (Lefebre et al., 2003; Zuo and Oerlemans, 1996) . Until it runs off, the slush layer water is available for superimposed ice formation onto the underlying ice layer at a rate that assumes a linear temperature profile in that layer.
Experimental design
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We have designed four experiments to investigate how the last interglacial insolation changes impacted the climatic conditions on Greenland (cf. Table 1 ). An experiment with Eemian (125 ka) conditions ("iL+oL") is compared to a pre-industrial control climate state ("iP+oP"). The simulations are forced with GHGs and insolation from the respective periods along with prescribed sea surface temperatures (SST) and sea ice concentration (SIC) obtained from fully coupled model experiments with identical GHGs and insolation. Ice sheets and vegetation are kept at pre-industrial conditions in both experiments. Aiming to disentangle 20 the direct impact of the insolation changes and the secondary impact of changed sea surface conditions (SST and SIC), we have designed two hybrid experiments: The first experiment is forced by Eemian insolation and pre-industrial sea surface conditions ("iL+oP") and the second is conversely forced by pre-industrial insolation and Eemian sea surface conditions ("iP+oL").
During the Eemian at 125 ka the Northern Hemisphere summer solstice occurs near perihelion and the obliquity is increased compared to present day. The changed orbit causes an insolation increase over Greenland during summer compensated by a 25 decrease during autumn, i.e. an earlier onset of the polar night (cf. Fig. 1 ).
The changed insolation leads to sea ice retreat and increasing SSTs across high northern latitudes (see detailed description in Pedersen et al. (2016b) ). Figure 2 depicts the sea ice retreat and the SST anomalies from the coupled simulations, indicating the differences between the sea surface boundary conditions. The sea ice reduction is primarily manifested as a northward retreat of the ice edge (as illustrated by the sea ice extent contours in Fig. 2) ; the sea ice concentration in the central Arctic is largely 30 unchanged (not shown).
All simulations have a total length of 60 years of which the 10 first years are disregarded as spin-up. Statistical significance of changes is assessed using a two-sided Student's t test (von Storch and Zwiers, 2001) , taking into account the serial autocorrelation of the time series.
Results and Discussion
As described by Pedersen et al. (2016b) , the anomalies between Eemian and pre-industrial conditions in the atmosphere-only 5 model configuration closely resemble those of the fully coupled experiments. Figure 3 shows that entire Greenland warms in all seasons in the full Eemian experiment, iL+oL. The peak warming is generally found in the coastal regions, but the central, high altitude Summit region warms more than 2 K in both summer (June-July-August; JJA) and winter (DecemberJanuary-February; DJF). During summer, strong warming patches are collocated with loss of snow cover (not shown). Increased shortwave absorption and a consequent larger sensible heat flux from the surface indicates that surface albedo changes are 10 contributing to these local warming peaks.
The hybrid simulations, iP+oL and iL+oP, exhibit very different annual cycles of warming. Following the insolation changes, iL+oP only shows warming during summer covering the entire Greenland, whereas fall (September-October-November; SON) and winter exhibit cooling; the winter cooling is limited to the southwestern part of Greenland. A small area in northwestern Greenland is warming through winter and spring (March-April-May; MAM). Again, this warming coincides with loss of snow 15 cover, and increased sensible heat release from the surface. Continental snow cover changes can thus extend the summertime warming to the colder seasons with reduced insolation, but the iL+oP experiment indicates that this memory effect only plays a minor role for GrIS as a whole.
The oceanic changes in iP+oL cause warming over entire Greenland, peaking in the colder seasons fall and winter. Warming due to sea ice loss peaks during winter, following increased turbulent heat flux from the ocean surface where the insulating sea 20 ice layer is lost [in agreement with previous studies of sea ice loss (Pedersen et al., 2016a; Vihma, 2014) ]. Previous studies show that the GrIS near surface temperature is sensitive to sea ice changes in its vicinity (Pedersen et al., 2016a) , and that ice loss in the Nordic Seas could have a larger impact than ice loss in the Labrador Sea due to an atmospheric circulation response (Merz et al., 2016) . Additional SST increase from ocean circulation changes and increased summertime shortwave absorption (Pedersen et al., 2016b) expands the regions with positive turbulent heat flux anomalies beyond the areas of sea 25 ice loss (not shown). The total impact of the oceanic changes thus counters the direct impact of the insolation during fall and winter, resulting in the all-year warming observed in iL+oL, which closely resembles the sum of the iP+oL and iL+oP.
Similar to the temperature, the snowfall over GrIS also exhibits varying sensitivity to the insolation and the oceanic changes (cf . Fig. 4) . The simulated responses reveal that the ice sheet topography is important for the precipitation changes: Figure 4 reveals several examples of contrasting snowfall changes on the east and western side of the ice divide. In iL+oL, the southern
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Greenland snowfall is increased throughout the year. The west coast appears drier during summer due to an increasing fraction of the precipitation falling as rain; the total precipitation is increased along the coast (not shown). The entire interior ice sheet receives more snow during summer, while the eastern (western) part have increased snowfall during fall (spring). The hybrid Tables   Table 1. Boundary conditions for the experiments. In the experiment names, the letter following "i" indicates the insolation conditions, while the letter following "o" indicates the oceanic conditions: "P" is PI and "L" is Eemian (Last Interglacial). 
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